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Abstract

:

Avian influenza virus (AIV) can have a serious impact on both human and animal health. In this study, we used an environmentally controlled chamber and a hemagglutination assay (HA) to evaluate the ability of membrane-less electrolyzed water (MLEW) spraying to inactivate H6N1 AIV aerosol. MLEW was generated by electrolyzing sodium chloride solution, and then sprayed into the chamber at free available chlorine (FAC) concentrations of 50, 100 and 200 mg/L by means of high-pressure air pumping to inactivate airborne H6N1 AIV aerosols individually. The results showed that MLEW spraying effectively neutralized H6N1 AIV aerosol. In addition, the virucidal ability of MLEW increased as the FAC concentration increased. Five minutes after MLEW spraying at an FAC concentration of 200 mg/L, the H6N1 viral HA titer decreased from 24 to 20. Our work provides important new evidence of the value of spraying with MLEW disinfectant to protect against AIV, which may be further applied for indoor decontamination purposes to promote animal and human health.
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1. Introduction


Avian influenza viruses (AIV) are enveloped negative-strand RNA influenza A viruses of the Orthomyxoviridae family [1,2]. Influenza A viruses are divided into various subtypes based on sixteen antigenically distinct hemagglutinin (HA) antigens (from H1 to H16) and nine neuraminidase (NA) antigens (from N1 to N9). Avian influenza viruses of all subtypes are able to induce a low-pathogenicity avian influenza (LPAI) in avian populations, including chickens, ducks and turkeys [1,3,4]. Typically, LPAI presents as a mild respiratory distress with low mortality rates in poultry; however, LPAI infection may result in significant mortality rates when accompanied by other bacterial or viral infections [3,5]. H6N1, a subtype of influenza A virus, has been isolated from migrating birds and domestic poultry on many continents. H6 subtypes of AIV have been detected frequently in the live poultry markets of Asia [6]. Infection with H6N1 has been prevalent in domestic chickens in Taiwan since 1972 [2]. A H6N1 virus was also isolated during a “bird flu” incident in a poultry market in Hong Kong in 1997 [7]. A H6N1 LPAI outbreak that, within a period of two months, affected four productive brown layer flocks across three farms in the Netherlands was reported in 2019. The infections were associated with egg production drops of up to 74%, pale eggshells and persisting high mortality rates of up to 3.2% per week. Three flocks were slaughtered prematurely as they were not profitable anymore [5]. The receptor-binding analysis of H6 subtypes of AIV demonstrated a clear threat to human health via aerosol transmission [6]. Poorly ventilated spaces are conductive to the spread of airborne pathogenic viral aerosols, because people and animals may be repeatedly in contact with airborne pathogens for extended periods of time. The aerosol transmission of AIV thus poses significant health risks to both human and avian populations [8,9,10].



In recent years, there has been an increasing demand for air-cleaning technology that can lower the risk of disease transmission by reducing the number of viral pathogenic aerosols in indoor environments. Consequently, a variety of physical and chemical air-cleaning technologies have been developed, and their applicability evaluated. Filtration is a commonly used method to physically separate viral aerosols from the atmosphere using various types of filters (e.g., polypropylene fiber and polycarbonate fiber) [11]. In Wenke’s 2018 study, filtration technology was adopted for the supply and recirculation of air in the existing ventilation system of an animal feeding house. Barns equipped with recirculating air filtration modules recorded the lowest total concentrations of dust, and lung health was thereby enhanced, though antibodies against H1N1 and H3N2 influenza could still be detected in all animals. This air filtration system can easily be implemented and can enhance the lung health of animals in animal feeding areas [12]. However, accumulations of pathogenic aerosol on the surfaces of fibers may remain viable and contagious, given sufficient moisture and a supply of nutrients. For this reason, personal protection procedures are still necessary, and germicidal measures are also required against collected microorganisms on filters if the continued use of filtration is to be carried out safely. Photocatalysis uses light in combination with an oxidation process to destroy the cell membranes of microorganisms. Guillard and his colleagues applied TiO2 photocatalysis to achieve a reduction in A/H5N2 AIV aerosol of about 0.7–3.1 log in a 30 min flow-through reactor experiment [13]. However, the intermediate products of the photocatalytic process, including organic and inorganic species, may prevent the desired disinfection reaction and instead result in a harmful effect. Ultraviolet light is a popular physical disinfection method in which microorganisms are inactivated by inhibiting the replication of their microbial DNA or RNA. Ultraviolet light has also been used to evaluate the susceptibility of influenza virus. McDevitt et al. used H1N1 influenza A virus aerosol to characterize its susceptibility to UV-C germicidal irradiation at a wavelength of 254 nm in a benchtop chamber. The results showed that UV-C dosage and relative humidity both play important roles in inactivating influenza A virus aerosol [14]. However, UV energy applied to a human or animal body, whether directly or by reflection, has the potential to cause dermal or ophthalmic damage. Safety precautions must be strictly observed when utilizing UV germicidal apparatus for practical application purposes [15].



Another method of cleaning indoor environments, which is now a mature and commonly used approach, involves the release of liquid or gaseous chemicals into the air to directly neutralize pathogenic aerosols. This may be achieved by various means, including spraying, fogging, fumigation and vaporizing. However, many chemical disinfectants are harmful to the bodies of animals, and they may also corrode objects. Such disinfectants include peracetic acid, NaOCl, hydrogen peroxide, ozone and chemical dioxide. The use of such chemicals is strongly regulated, and they should not be used in spaces occupied by animals or humans [15,16]. In contrast, natural chemical disinfectants, including botanical extracts, are potentially safe antimicrobial agents that may be regarded as low-toxicity or non-toxic products when compared with synthetic compounds such as bleach or peracetic acid. In one study, tea tree oil and eucalyptus oil were both found to exhibit > 95% antiviral activity against H11N9 influenza A virus between 5 and 15 min after application. A higher rate of inactivation effectiveness (99%) required a longer exposure time [17]. However, the inactivation performance of botanical disinfectants may be inconsistent in practice, as oil composition varies from batch to batch and with different growing conditions of plantations. In summary, although some physical and chemical air-cleaning technologies have demonstrated virucidal activity against influenza virus, a technique which can deliver an effective, low-cost, non-toxic and safe means of neutralizing AIV aerosol is still being sought today.



Electrolyzed water is generated by the electrolysis of a saline solution (e.g., NaCl or KCl) in a container fitted with anodic and cathodic electrodes, either within or without an ion-selective permeating membrane. After the electrolyzing process, the chloride ions are converted to high oxidation/reduction potential (ORP) and free available chlorine (FAC), consisting of hypochlorous acid (HOCl), chlorine gas (Cl2) and hypochlorite ion (OCl−) compounds, resulting in strong antimicrobial activity [18]. The distribution of the above-mentioned chlorine-related compounds in electrolyzed water is pH-dependent and affects its antimicrobial performance. Traditional strong acidic electrolyzed water is generated by an electrolyzer within a permeating membrane, and has a good inactivating effect against most known pathogenic microorganisms due to its low pH (2–4), high ORP (>1000 mV) and higher proportion of chlorine—in gaseous form, and thus easily lost to the air—than HOCl. However, near-neutral electrolyzed water (pH 6–8) exhibits a stronger antimicrobial capacity on account of its higher proportion of HOCl [19,20]. In addition, the pH level of near-neutral electrolyzed water means that it is not as aggressively corrosive as acidic electrolyzed water, resulting in less damage to metal surfaces, and reduced irritation of the hands [21]. Near-neutral electrolyzed water can be generated simply, safely and economically by electrolyzing sodium chloride in an electrolyzer without a semi-permeable membrane (i.e., a membrane-less process). As a result, the use of membrane-less electrolyzed water (MLEW) has become popular in food and agricultural industries in recent years [22,23,24].



The virucidal activity of near-neutral electrolyzed water has been investigated in previous studies. Tamaki et al., 2014, found that neutral electrolyzed water with FAC > 43 ppm was capable of reducing the viral titer of H5N1 and H9N2 AIV by >5 log, one minute after mixing in test tubes. The minimum concentration of FAC required for neutral electrolyzed water to exhibit virucidal activity was estimated at around 40 ppm [25]. The authors of [21] carried out fogging treatment on ceramic tile and stainless steel using FAC 200 mg/L electrolyzed water, and recorded an RNA titer reduction of 99.9% in human norovirus, murine virus and MS2 phage. In another study, no trace of hepatitis B virus (HBV) DNA was detected on endoscopes used by patients after cleaning with electrolyzed water, thus revealing an inactivation efficacy comparable with that of 2% alkaline glutaraldehyde [26]. Similarly, the authors of [23] found that blood-borne infectious agents, including HBV and human immunodeficiency virus, were totally disinfected using FAC 4.2 mg/L electrolyzed water during in vitro experiments. In the enclosed chamber tests conducted by Urushidani and his colleagues [27], dry fog containing HOCl (FAC 125, 250 and 8700 ppm) and hydrogen peroxide (1410–56,400 ppm) was generated with an atomizing nozzle to inactivate influenza A virus, which was loaded on a 96-well plastic microplate and air-dried. The results showed that dry fogging with HOCl and hydrogen peroxide inactivated influenza A virus. In another study [24], a viral solution containing a titer of 2.8 × 106 TCID50 influenza A virus was neutralized to below a detection limit of 1.58 × 102 TCID50 after exposure to HOCl dry fogging for 10 min (FAC 250 ppm) and 15 min (11,280 ppm), suggesting that HOCl has high potential for application in environmental surface disinfection.



Previously, the virucidal efficacy of electrolyzed water against influenza and other avian viruses has been demonstrated in vitro by means of surface and test tube experiments. However, an application for directly inactivating AIV aerosol has yet to be fully developed. Therefore, the objective of this study was to assess the airborne virucidal efficacy of near-neutral electrolyzed water generated using a membrane−less process (membrane-less electrolyzed water, MLEW) against AIV aerosol. To this end, we evaluated the inactivation ability of mist-sprayed MLEW against H6N1 influenza aerosol in an enclosed and environmentally controlled chamber.




2. Materials and Methods


2.1. Generation of Membrane−Less Electrolyzed Water


In this study, MLEW was utilized as a mist-spray disinfectant to directly inactivate the H6N1 AIV aerosol, so that its applicability for indoor air-cleaning could be better understood. The MLEW was generated by a hand-made, membrane-less electrolyzing device based on our previous studies (see Figure 1, described in Section 2.3). Saturated NaCl solution (6.15 M) was poured into a 1000 mL plastic container, to which metal electrodes were fitted. These were platinum and titanium base plates of 10 × 2 cm2 size which served as cathode and anode, respectively [28,29].



After undergoing 30 min of electrolyzing process with a current density of 25 Amp/dm2 (ampere per decimeters, ASD), the NaCl solution was converted to MLEW concentrate solution (FAC concentration up to 10,000 mg/L). The FAC concentration of MLEW was quantified using the N, N-dimethyl-p-phenylenediamine (DPD) colorimetric method, using a portable spectrometer (DR2800, HACH, Loveland, CO, USA). The pH of the MLEW was measured using a pH meter (CyberScan pH 510, Eutech, Inc., Singapore).



The MLEW concentrate solution was then diluted with deionized water (Milli-Q, Millipore, Billerica, MA, USA) to FAC 50, 100 and 200 mg/L, thus producing a ready-to-spray MLEW disinfectant.



A 100 mL amount of this ready-to-spray MLEW disinfectant (with pH values ranging from 7.3 to 7.5) was then pumped via an orifice nozzle of 8 μm diameter under 70 kg/cm2 air pressure, and sprayed into the enclosed chamber (shown in Figure 2, described in Section 2.3) to inactivate suspended H6N1 viral aerosol by direct airborne contact.




2.2. H6N1 Viral Preparation and Viability Assay


H6N1 avian influenza was selected as a test viral strain; this was provided by Zoonoses Research Center, National Taiwan University. The H6N1 avian influenza strain was inoculated and propagated in special pathogen-free embryonated chicken eggs, which were 9–11 days old. Inoculated SPF eggs were incubated at 37 °C and candled twice a day for 7 days [30]. The infectious allantoic fluid (AF) was harvested and stored at −70 °C prior to usage. Both viral viability and infectious titer were used as indexes to evaluate the inactivation ability of MLEW in this study. Infectious AF was collected and assessed using a hemagglutination assay (HA) examination based on the WHO’s guidelines for the diagnosis and surveillance of animal influenza, published in 2002 [31]. A 25 μL amount of phosphate-buffered saline buffer (PBS, pH 7.2) was added into each well of a V-bottom 96-well microtiter plate. Then, 25 μL of infectious AF was placed in the first well of each row. Two-fold serial dilution across the plate was then carried out by transferring 25 μL from the first wells in lettered rows to wells in the next rows. Then, 25 μL of fresh PBS was added to each well. Finally, a 25 μL amount of chicken red blood cell (RBC) suspension was added to each well, and the plate was allowed to stand for 45 min at 25 °C until settling was complete.



A settled pattern was determined as positive (i.e., the virus remained infective and complete hemagglutination had taken place) if a hazy film was observed in the bottom of the well. In contrast, a negative result (i.e., the virus was noninfective, and RBC was not agglutinated) was determined when a sharp button of RBC was observed in the well. The settling endpoint of serial dilution was also identified. The highest dilution of virus, which caused complete hemagglutination, was considered the HA titer endpoint—the HA titer being the reciprocal of the dilution of virus in the last well with complete hemagglutination. For example, if a one-in-sixty-four (1/64) dilution contained 1 HA unit, the HA titer of the infectious AF was therefore the reciprocal of 1/64 = 64 = 28.




2.3. Environmentally Controlled Experimental Setup


The environmentally controlled experimental setup consisted of a stainless steel enclosed chamber (80 × 80 × 80 cm3, shown in Figure 2), a make-up air unit, an aerosol nebulizer, a charge neutralizer, an MLEW mist-spraying nozzle and a bioaerosol sampler, all of which were fabricated based on previous studies (shown in Figure 3) [11,29,32]. Before the experiment, the chamber was purged and well stabilized by HEPA-filtrated make-up air. The initial relative humidity inside the chamber was set to 30% by changing the ratio of the flow rates of both a dry gas stream and a humidified gas stream generated by a water vapor saturator. The relative humidity and temperature inside the chamber were measured using Q-trak (Model 8550, TSI Inc., Shoreview, MN, USA).



The H6N1 viral test aerosol was generated by adding 0.1 mL of infectious AF and 50 mL of PBS buffer (final HA titer 29) into a three-jet Collison nebulizer (BGI Inc., Waltham, MA, USA), which was operated at a flow rate of 6 L/minute. The viral test aerosol was dried by the diffusion dryer. The dried test aerosol was then passed through a Kr-85 radioactive source, so that it was neutralized to the Boltzmann charge equilibrium. After passing through the charge neutralizer, the aerosol was delivered into the enclosed chamber so that it was suspended in the air. The sampling method for the H6N1 viral test aerosol was adopted from the manual of the American Conference of Governmental Industrial Hygienists, as well as from previous studies [33]. Air was drawn from the chamber by a Gilian sampler at 5 L/min through a manifold attached to an SKC 37 mm polyethylene cassette (No. 225-2050LF, KC Inc., Columbus, OH, USA) loaded with a gelatin filter (No. 225-9552, SKC Inc., Eighty Four, PA, USA). Airborne viral samples were collected at 30-minute intervals for natural deposition testing, and were collected at 5-minute intervals after 2 min spraying. Sampled gelatin filter was then dispersed into sterile PBS buffer at 30 °C for 15 min and processed using the HA examination described above. For the purposes of the study, natural deposition (without any physical or chemical disinfection intervention), pure water (sterile, and deionized for FAC-free treatment) and MLEW groups with FAC concentrations of 50, 100 and 200 mg/L were applied so that the inactivation efficacy of MLEW could be assessed 2 min after H6N1 viral aerosol nebulization. All experiments were repeated three times, and statistical values were expressed as the mean and standard deviation. A chi-square test was used to determine the difference in HA titers between various FAC groups. Values of p < 0.05 were considered as statistically significant differences in all data analyses.





3. Results


3.1. Natural Deposition of H6N1 Viral Aerosol inside the Enclosed Chamber


The H6N1 aerosol deposition effect caused by gravity in the enclosed chamber is shown in Figure 4. The initial airborne viral HA titer (0 min), prior to applying 60 min of aerosol nebulization, was 24. The HA titer declined to 23.1 and 22 in the 30 and 60 min after viral nebulization, respectively. We set a lower relative humidity (30%) for the initial condition inside the chamber to prevent interference from particle condensation. It can be seen from Figure 4 that the viral aerosol exhibited a slowly declining deposition characteristic inside the chamber.




3.2. The Inactivation Ability of Pure Water Spraying against H6N1 Viral Aerosol


Figure 4 also shows the viability of H6N1 viral aerosol under pure water spraying. The initial HA titer of the viral aerosol after nebulization was 24. Two minutes after pure water mist-spraying, the HA titer was still 24, indicating a non-significant inactivation effect. Finally, the HA titer of the viral aerosol decreased to 23.6 and 23 after 5 and 10 min, respectively. These results suggest that pure water spraying may achieve the effect of cleaning contaminated air, without the need for any chemical disinfecting agent. Moreover, the relative humidity inside the chamber increased to 99.9% during pure water mist-spraying, further suggesting that the reduction of the HA titer may have been the result of the physical interception, coagulation and deposition of particles, rather than any chemical inactivation process.




3.3. The Inactivation Effect of MLEW Spraying against H6N1 Viral Aerosol


The viability of H6N1 viral aerosol under MLEW mist-spraying at FAC concentrations of 50, 100 and 200 mg/L is shown in Figure 5, Figure 6 and Figure 7, respectively. It can be seen in Figure 5 that when MLEW was mist-sprayed at FAC 50 mg/L, the initial HA titer was 24. Two minutes after spraying, the HA titer decreased to 23. Ten minutes after spraying, the HA titer decreased to 21. FAC 50 mg/L MLEW spraying caused a statistically significant reduction in the HA titer of H6N1 viral aerosol inside the enclosed chamber (p < 0.05).



Figure 6 shows the susceptibility of H6N1 viral aerosol to MLEW mist-spraying at FAC 100 mg/L. Again, the initial HA titer was 24. This decreased to 22 in the five minutes after spraying, and reached 20 after ten minutes, indicating that the viral aerosol was no longer infective. Similarly, with the FAC 50 mg/L group, FAC 100 mg/L MLEW spraying caused a statistically significant reduction in the HA titer of H6N1 viral aerosol inside the enclosed chamber (p < 0.05).



Figure 7 shows the susceptibility of H6N1 viral aerosol to MLEW mist-spraying at FAC 200 mg/L. Again, the initial HA titer was 24. However, at this level of FAC concentration, the viral aerosol became non-infective just 5 min after spraying. Similarly, with the FAC 50 and 100 mg/L group, FAC 200 mg/L MLEW spraying caused a statistically significant reduction in the HA titer of H6N1 viral aerosol inside the enclosed chamber (p < 0.05). Overall, when comparing the HA titer decaying trend across the pure water and MLEW mist-spraying tests, a significant susceptibility of H6N1 viral aerosol to MLEW can be identified. MLEW exhibited a strong ability to inactivate H6N1 viral aerosol through airborne contact, with higher FAC concentrations producing greater effects.





4. Discussion


The purpose of this study was to evaluate the inactivating ability of mist-sprayed MLEW against H6N1 aerosol in an indoor environment-simulating chamber. Firstly, and as illustrated in Figure 4, the natural depositions of H6N1 AIV aerosol were measured after nebulization in an enclosed chamber which simulated a room without any fresh air intake (see Figure 3). The initial HA titer of H6N1 AIV aerosol was 24. Thirty minutes after aerosol nebulization, the HA titer decreased to 23.1. Sixty minutes after aerosol nebulization, the HA titer decreased to 22. Because there was no intervention by any chemical disinfectant, the viability of the AIV aerosol was not additionally affected. In this experiment, the airborne concentration of AIV aerosol was the only factor related to the HA titer. Thus, the decrease in the HA titer of the AIV aerosol could be attributed to natural deposition (including gravity, well-loss and desiccation inside the enclosed chamber). The further decline in HA titer from 24 to 22 indicated that about 50% of the AIV aerosol did not remain suspended in the air. These trends are also observed in our previous bacterial aerosol deposition studies [29,34].



However, even when the HA titer decreased from 24 to 22, the indoor air was still contaminated and infective, and suspended viral aerosol was still present even after 60 min. In our environmentally controlled chamber experiment, the relative humidity was set to 30% to prevent particle condensation. However, previous studies involving environmental factors have suggested that the transmission efficiency and viability of viral bioaerosols decreases with increasing relative humidity [35,36]. This implies that the H6N1 viral aerosol is able to remain suspended in the air for longer time periods in areas with higher relative humidity, additionally increasing the risk of aerosol transmission.



Secondly, pure water was used to determine its effect on the viability of H6N1 AIV aerosol. Figure 5 shows that direct contact with pure water mist did not have any inactivating effect on AIV aerosol, because the HA titer remained at 24. Moreover, after 10 min of pure water spraying, the HA titer of AIV aerosol decreased to 23. This result suggested that, during this period of time, the environmental deposition of AIV aerosol was promoted by pure water mist-spraying, rather than any by any chemical inactivation. Particle aggregation and condensation may have occurred inside the enclosed chamber, and this may explain the promotion of deposition, because relative humidity increased to a level of 99% after pure water mist-spraying. Oswin et al., 2022, suggested that the loss of infectivity in virus aerosol at a high relative humidity is caused by the volatilization of CO2 from bicarbonate buffers within droplets [37]. In general terms, water spraying may be described as a low-cost, non-residual technique which is commonly used to control dust levels in animal facilities. These results suggest that it might also be helpful in reducing the risk of aerosol transmission of AIV in indoor environments.



In the third part of this study, MLEW mist was delivered into the enclosed chamber to evaluate its inactivating ability against H6N1 aerosol. As can be seen in Figure 6, the HA titer of AIV aerosol decreased from 24 to 23 after 2 min of spraying with MLEW at FAC 50 mg/L. When Figure 6 is compared with Figure 5, it can be seen that the FAC 50 mg/L MLEW mist had a statically significant inactivating effect compared with pure water (p < 0.05). In previous studies, the minimum concentration of FAC in neutral electrolyzed water required for a virucidal effect was found to be approximately 40 ppm; this is consistent with the results of the present study [25,38]. In the 10 min after FAC 50mg/L MLEW spraying, the HA titer further declined to 21. This meant that, even 10 min after spraying, the FAC 50 mg/L MLEW remained suspended in the air and was not lost due to Cl2 volatilization, indicating that a prolonged inactivating capacity of MLEW could also be expected.



In Urushidani’s 2022 study, FAC 125 ppm HOCl fogging effectively achieved inactivating effects against influenza A virus over 5 min. All influenza A virus was neutralized after 15 min of fogging [27]. In this study, when the FAC concentration in MLEW was further raised to 100 mg/L, its inactivating efficacy also significantly increased. In the 5 min after MLEW mist-spraying, the HA titer decreased to 22, as can be seen in Figure 7. After 10 min, the AIV aerosol was totally neutralized and non-infective. This difference may have been caused by less chlorine loss in the MLEW airborne particles transmitted via high-pressure spraying rather than fogging [39]. A similar trend can also be observed in Figure 7. When MLEW spraying was carried out with an FAC concentration of 200 mg/L, an even stronger inactivating efficacy was revealed. The HA titer of AIV aerosol decreased to 22 in the 2 min after contact with MLEW mist; after 5 min, a zero figure was recorded. This result shows that spraying with FAC 200 mg/L MLEW delivers faster and stronger airborne inactivating efficacy against AIV aerosol compared to FAC concentrations of 50 and 100 mg/L, determined with the chi-square test (statistically significant, p < 0.05).



The germicidal characteristics of the electrolyzed water were obtained from free chlorine components (including ClO−, HOCl, Cl2). Although the distribution proportion of free chlorine components is dependent on pH value, some studies have suggested that the FAC concentration in the solution is the most important factor when determining the antimicrobial ability of neutral electrolyzed water [25,40,41]. In the disinfection study conducted in a henhouse field by Zhao et al., 2014, the antimicrobial component of MLEW may have been lost during spraying. The antimicrobial ability may decrease over the distance traveled by the mist due to FAC loss, which is exacerbated by higher air temperatures. In short, an adequate FAC concentration and contact time are the most important operating parameters to achieve effective airborne disinfection [39]. The operating parameters of the present study were as follows: an orifice nozzle of 8 μm diameter was used under 70 kg/cm2 to spray MLEW at a minimum FAC concentration of 50 mg/L MLEW. These parameters were based on our previous work on bacterial inactivation [28]. By such means, we obtained observable evidence of the ability to inactivate H6N1 AIV aerosol.



The US Environmental Protection Agency (US EPA) has recently sanctioned the utilization of HOCl as an antiviral disinfectant. A concentration of 200 ppm of HOCl was directly applied to cleanse the wounds of surgical patients, with no adverse effects reported [42]. Consequently, the concentration range (FAC 50~200 mg/L) employed in this study can be considered safe and is suitable for implementation in real-world environmental conditions. In light of the increasing environmental burden caused by the intensive use of chemical disinfectants against infectious microorganisms, MLEW might become an alternative air-cleaning disinfectant, on account of its favorable, ecologically friendly characteristics [43,44].




5. Conclusions


In light of the threat posed by the airborne infectious agent H6N1 avian influenza, MLEW may be recommended to be utilized for cleaning indoor environments because of its economic production and environmentally friendly characteristics. The present study provides evidence of the efficacy of MLEW mist-spraying to neutralize H6N1 aerosol based on HA titer evaluation. At FAC concentrations of up to 200 mg/L, MLEW rapidly and effectively inactivated the viral aerosol. It is recommended that the methods described here be more widely applied for hygiene interventions in agricultural and healthcare facilities. To this end, we shall investigate other microbial species and different operating parameters (e.g., nozzle type, pressure, contact time and ventilation) in our future work.
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Figure 1. Schematic diagram of the membrane−less electrolyzing device. 
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Figure 2. Schematic diagram of MLEW mist−spraying in the enclosed chamber. 
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Figure 3. Schematic diagram of experimental setup. 
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Figure 4. Natural deposition and pure water mist-spraying of H6N1 viral aerosol in the chamber. 
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Figure 5. FAC 50 mg/L MLEW mist-spraying of H6N1 viral aerosol in the chamber. 
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Figure 6. FAC 100 mg/L MLEW mist-spraying of H6N1 viral aerosol in the chamber. 
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Figure 7. FAC 200 mg/L MLEW mist-spraying of H6N1 viral aerosol in the chamber. 
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